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Abstract 

A mlcroaeople study of 440C steel alldin); surfacoa lubri- 
cated by graphite fluoride or tuolybdeiium disulfide solid lu- 
bricant ribbed filma was conducted. The slldhig aurfacoa, 
along with the IrktiOn, wear, and wear life wore observed us 
u function of the number of eliding rovolutiune In three differ- 
ent utmospherosi roolet air (10 000 ppm 11^), dry nlr (<20 
ppm 11^), or dry argon (<20 ppm 11^). In general, tlio lu- 
bricating mechanisms of the hvo solid lubricants were found 
to bo roistivdy simllart that is, a dynamic, thin, luyor-llko 
film (which sheared on relative motion) was femttod between 
the two metalUe surfaces. The mechanisms of failure were 
found to bo somewhut different, however. Failure of MoSn 
films was very dependent on utmospherlo degradation, whUe 
that of graphito fluoride films was moro dependent on flow of 
tho lubricant film out of the contact vo>no. 

introduction 

Molybdenum disulfide (MoSg) Is one of tho most widely 
used solid lubrlonnts, A oonsldorable amount of rosooroh has 
been conducted on its friction properties and the reasons for 
its good lubricating behavior. Johjieon (1), Wbior (2), and 
Farr (3) have written excellent reviews on tlio history, tho 
ugos, and the fundamental knowledge of M0S2 as a lubricant. 

Graphite fluoride shown to have very 

good lubricating properties under various conditions and types 
of applications. Rubbed films of graphito fluurldo have been 
shown to imrform better than or equivalent to rubbed films of 
MoS^ or graplilto in tests conducted on a pbi-on-dlsk machine 
(4), Those rubbed film rosults wore further Improved by 
bonding graphite fluoride to tho surface using a polylmidc (5) 
or on ergfinopolyslloxane (d) polymer, in Ref. 7, good results 
wore reported on epoxy phenolic or silicate bonded graphite 
fluoride films evaluated in a Falox machine. 

Althougli many good lubricating rosults have been reported 
with graphite fluoridu, poor rosults have also boon reported 
(8,0). Tho poor results wore attributed to tho abrasiveness 
(8) and tho low loud currying copaoLy (8, S) of graphito fluoride. 

Most of tho lubricating theories, the methods of evaluating, 
and the methods of applying and usbig solid lubricants have 
boon based on studies of MoS^. To date, very little research 
has been conducted on tho fundamental lubrlcatbig mechanisms 
of graphite fluoride and how tiioy compare to those of MoSg. 

It might bo that what Is good for MoSg is not good for graphite 
fluoride. Thus, the purpose of this investigation was to obtain 
a more fundamental understanding of how graplilto fluoride lu- 
bricates and how failure occurs and to compare those findings 


to bow MoSg lubricates and fttlls. Tho sooiio of this Investiga- 
tion included studying (1) how MoSg and graplilto fluoride flbns 
lubricate oiid the role of tlio trojisfor flbn bi tho lubrication 
process, and (2) how failure occurs, and the role of ojQrgsn 
and II, jD bt tho failure process . To aocompllsh tills, friction, 
wear rate of riders (wliioh slid on both films), wear of tho 
flbns, and wear (Ives we, re determined and compared for ex- 
periments conducted in utinospheres of moist air (Id 300 ppm 
IIjp), dry air (<20 ppm H.jO)i and dry argon (<20 ppm II^). 

A unique technique was used to study the lubrication and 
failure moclianlsms, and that was to stop the tests at preset 
slidbig intervals througiiout tho llfo of tho films, and to exam- 
ine the sliding surfaces by optical microscopy at iiigh magnifl- 
cations. Tho bitont was to infer from the static surfaces what 
was occurring dynainlcally, Thu inioroscopo was equipped 
with u vertical illuminator and two polarlabig filters (one ro- 
tatable), thus the principles of light biterforunce and birefrin- 
gence of anisotropic crystals wore used to study transfer, or- 
durbig, and thd flow properties of tho flbns. 

Tho experimental conditions used were a pbi-on-dlsk tost 
apparatus, a tost temporature of 25” 0, a sliding sjiccd of 
2.0 meters per secom] (1000 rpm), and a lead of 1 kilogram, 

MATERIALS 

Tho graphito fluoride ((CFj^)jj) used In tills Investigation 
had a fluorine to carbon ration (as obtained from tho munufao- 
turer) of 0.85 to l.UO, A previous Investlgutlon (10) had 
shown that hlghor fluorine content graphito fluoride compounds 
do not give nppreolnbly bettor lubrication results und they are 
considerably more difficult to make and more expensive to 
purchase. Tho average particle size of the graphite fluoride 
used was 10 pm, but tho size ranged from less than 1 pm up to 
30 pm. The larger particles appeared to bo conglomerations 
of tho smttUor particles, liowover, 

Tho average partioJo size of tlio technical grade molyb- 
denum disulfide (MoSg) used bi this study was 10 pm. Thu size 
ranged from less than 1 pm to 75 pm, und like graphite fluoride 
the larger particles appeared to be conglomerallons of smaller 
particles, 

Tho riders and disks were mode of 440C IIT tool steel and 
bad tt hurdness of Rockwell C-00. The disks wore lapped ond 
polished to a surface finish of 0. 0000, 02 CLA (ocnterlbio aver- 
ago) mlorometers. The surfaces were then roughened by 
sanding In rojidom directions with no, 160 grit wet sandpaper 
to a roughness of 0.3000,05 pm CLA, 

Tho solid lubricant powders wore appluid to the roughened 
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Hurfacas by moohonlcoUy rubbing It uvur thu nuifaco at con- 
Btont load (aoo Procedure Section). Thu thteknoBB of tho flbne 
obtained wore found to bo bi tho order of 1 pni above the high- 
ust tuaturo on tho Bonded motalllo surface for tho gropltlto 
fluoride film and about 2 /4m for the MoSj, flbn, Photoralero- 
graphu and surfaco profile b of tho rubbed films aro shown b. 
Fig. 1. 

APPAHATUS 

A pln-on-dlsk typo of sliding friction apparatus was used 
bt this study, Tho apparatus used has been dosoribod bt pre- 
vious reports (4-8), Basically thu friction siwolmonB (fig. 2) 
eonslstud of a flat disk (0.3 urn dlam) bi sliding contact with a 
stationary hemlsphorlcally tipped rldor (0.470 oin radius). 

Thu rldor slid on a 5 om dlamutor truck on tho disk, which 
gavu it a linear sliding speed of 2. 0 m/s at a disk rotatb3n of 
1000 rpm. 

Tho apparatus used to apply thu solid lubricant powder to 
thu disks is shown In Fig, 3. Tho disk was attachud to the 
vertical shaft of a small oloctrlu motor by use of a oUp-shaped 
holder. Two vortical rods wore used to rustrabi a flouting 
mutttl plate to which was attached the solid lubricant applica- 
tors, In those oxperbnonts, thu back of polishing uloths were 
used as Opplicators, Tho load was applied by placing wolglits 
on top of thu metal plate. 

The bumlshbig apparatus was designed to fit under tho 
bell Jar of u vaoumn system, thus the atmosphere bi whicli the 
films wore applied could be controlled. This was done by 
pumping a vacuum and then baokfilling with thu dusired utmo- 
sphoro. previous results (10, 11) have shown that films ap- 
plied in m^iist ttlr gave better friction and wear results than 
films applied In dry air, thus thu films used In those experi- 
ments were applied bi moist air. 

PPOCEDURE 

Surfoco Cloonbig 

The cloonbig procedure was us follows: 

(1) Scrub aurfaooB midcr running tap water with a bruali 
to remove abrasive particles. 

(2) Clean surfaces with pure ethyl alcohol. 

(3) lUib surface with a water paste of levigated alumbin. 
Cleon until water readily wets surface, 

(4) lUnsu Under running tup water to remove levigated 
alumina (use brush to facUltato removal). 

(5) lUnso In distilled water, 

(6) Dry surfacos using dry camprcBSUd air. (Surfaces not 
dried quickly have a tendency to oxldlxo.) 

Film Application 

The procedure for applying tho rubbed fibns was as 
follows: 


(1) Apply a small amount uf solid lubricant twwdor to tho 
clouiicd disk Surface and spread it ovonly over the surface with 
thu back of a polishing doth. 

(2) Apply about 1/2 grmn of graphito fluoride (1 gram of 
MoSg) to thu cu:itaot aono of tho applicator (back of a t^llBlibig 
cloth attached to tho fluotbig metal plate) and dtstrlbutu It 
ovonly. 

(3) Assemble apparatus us el:uwi> In Fig. 2 and apply two 
l-kllogro:n weights as tho applied load. 

(4) Evucuato thu boll Jar and backfill It with a moist air 
atmoBiaioro (10 000 ppm lljp). Contbmu to purge bell Jar with 
moist ulr until application Is comni.oto, 

(6) Sot disk bito rotation a:id gradually biuruaso tho speed 
to 10 rpm and rub for 1 hour. 

(0) Ilemovo disk from apparatus uid blow off loose graphite 
fluorldu or molybdonum dlsulfido looso debris fto:): the surface 
using dry compruss'id air. 

Friction and Wear Te sts 

Insert rider and disk (with oppllod solid lubricant flbn) 
into tliu pbi-oii-dluk apparatus o:id soul test chmnbur. Purge 
moist ulr through thu chamber for IS minutes prior to sturtlng 
tests mid continue to purge throughout tost. Alter 15 mbmtes, 
set disk bitu rotation nt 10(10 rpm and gradually apply toad, 

Thu tost temperature Was room temperature, approximately 
2S° C, and tho load was 1 kllogimn. 

Each tost wns stopped ut preset biturvals of sliding. The 
rider and disk wore removed from the friction apparatus mid 
the contact arcus were cxnmbicd by optical mlo’/oscopy and 
photograplicd. Surface profllos of the disk wear tracks wero 
also token. After cxombintloii, the rider mid disk were re- 
bisortud bito tlio apparatus and tho previous tost pioooduru 
repeutud. Tho rldor was not removed from tlie liolder mid 
lociitbig pins In thu apparatus bisured that It wus returned to 
Its original position. Most tosts wore contbiuod until failure 
occurred. Tho falluro criterion was a friction cooffloiont of 
0,30. lUdor wear was oolculatod by mousurbig the diameter 
of the wear scar on tho liumlsphorlonlly tipped rldor and then 
calculatbig tho volume of material worn away. 

Analysis of SUdbig Surfaces 

Optical microscopy tochnlquos wore used to study thu lu- 
bricating films, thu transfer films, and the wear partloles. 

The surfaces were viewed nt magnifications to xUOO. At 
those high magnifications, tho vertical resolution was low (tho 
order of 1 pm); this aspect was used to measure the heights of 
various features on thu sliding surfaces, such us film thick- 
ness, wear truck depth, etc. 

Vecilcal Illumination mid observation of the surfuccs al- 
lowed biterfuroncu fringes to bo seen In tho fibns, both on tho 
disk woar track and on the rldor wear scar. Interference 
fringes indicated thut tho solid lubrlcunt paitloles hod flowed 
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tuKuthui: to form tt coiitImioUH film Utut wax xinuutli Rtui 
Uinl the fllm^nu boljiK nhtiurod ttilnimr tuid (lilnnuclii vurloiiu 
nrouH, exmoplUi t|m Kt'HilinU Uu|ilt>ttun of thu fi'liiKUS in 
Uio Inlut iiruu of tho ritliu* wuur xoui'i Imlicntud tliut llio films 
wui'o tlilunor llout tlio wuvvIimRth of liKbt (U.d /im), 

Thu inlui‘uxcO|Hi wuu utsu uquIpiMd with two jMlnrltliiK 
ftlturo (onu which could bo rotuiud)) tliuu, lliu illdlUK atiiincuu 
wuro uxumlnud butwuuii ufouBud iwluidiclng flltut'Bi Thu tuch- 
iiitiuD WU8 oHpouluUy UHofut WUh Ki'iiphltu flUofldu hIuuu It wuu 
blrofrliiHuiil lutd thu luctMlIlu wuiir dubrlo wiih not. TIuib thU 
tuclmlquu WIIH UBud to dlBthiKuluh Kruphltu fluuddo purtloluB 
fi-um mutulllu wont' dubdot 

ItKSULTS AND DISCUSSION 

Prlctloii, Wuitf, lUul WoiU' Life 

Thu friction, woiir, iiml wciir Itfo vobiiUb prosuutod in 
thiB pupor lire fi'ploul Of tho viirloiiB oxpurlmcntid cundltluiiB 
uvuliiutod. All oxpurlnioiitB wore cundiidcd nt lunui twieo and 
Itood i'U|Hmtnbllity wnu ahtaliiud, Thu piir|X)fio wuu to obtain n 
buttur umlui’utiimlinK of thu lubriunltuii and falluro modiiuilBmu 
and how tiiuy wuru offurtud by uimouphoro. Thuu roHultu iiro- 
Bontud wuro uuloctod to show tlio trondu nithor tliuii tu dufino 
iiuimtitntivu vnlUou. 

l-'riotiun truouB fur •Moc HT utuul rldors ulidlnf; on 
rubbed fllmu of Kruphlto fluurldu mill luul^'bdumim 

dluulftdu (MuS.d nru uliown in Fig. d, Kiicli filth wiiu qviiIih 
utud lit room tunuHtriituru (2Q^ C) in ttuxio dllforont utmo> 
HpliuroB; nioiBt all* of nppruxlniatuiy BU purcunl rOliitIvo 
liiimldlty (10 OUQ ppm 11^0), dry nlr (<20 ppm ||,j3), mtd diy 
iivgoii (<20 ppm 11.11). 

Tho friction coolfldunt luul wuiir llvuu of MuS^ ftbnu wore 
highly' doponduiit on utmosphuL'O. In diy ntr uiid diT nrgon, 
thu friction coulfiulunta wore found to bo nunrlj,' oiiuiil (<0,U2)r 
liowuvur in molut iilr, thu lowust vntiio of friction cuoffloloiit 
obtiiliiuil wnu 0.08. Woiir Ilfo was moro lilglii)’ nffoclcd by ut- 
muaphuro than wnu tho friction cooificlont, lii motut nlr, fiill- 
uru uccitrrod nltor oiilj' 10 klluoycluu of utldliig, whilu in dry 
iilr thu woiir itfo W 1 I 8 100 kilooyolQs niul hi dry nrgen It wnu 
1800 IdluoyctuB. 

Tho friction cooificlont of fUmu wiia found to bo 

vory uimlliir to AluS„ ftlmu, howuvor tlio vnriiitlon tn wear 
life (in dlffuront ntmouphoruB) wiih not nu groat. Tho lougout 
wuiir llfu wiiB obtiUiiod In motut iiir (080 koj niid thu uliurtuut 
in dry nlr (100 ko), dry argon giuu iui Iiiturmuilliilo Wunr ilfo 
of 180 kllocyaluB, An iidvautiigo of {CI‘'‘^)u over MoSn lu Itu 
nblllly tu liibrlonto for longer purlods of tlmo (380 vh, 10 ko) 
iimlur oiivlroiimonlnl cundltiuns which onu might conuldur nor- 
mal (CO porcont rulntlvu hiuntdltj' iilr). Undur liiuii comtlttoiiB 
howuvor MoSo wnu suporiorto (GF^)„. 

lUdur wuiir nu a function of ulldliig diiriitioii lu uliown in 
Fig, 6 for ridoru whicli slid on tho MoS., fllma and (OP^)|^ 
fllmu In tiiu Uiroo dtfforunt ntmouiihorus. in dty iilr luid dry 
iirgon luuB rldur wear ucoiirrud fur ilio liduru whlcIi ulld on 


MoSj, fllmu Itum on flhnu, liowovur la molut nlr Dm o[i- 
|M)Hllu wnu truu. In Kcnurat, rldur wear did nut Incrunuu ut a 
conutAiii rntu. Thuru np|wni‘oil lo bu thruu rcglmou to tho 
wear procuHu; thu first wnu on Inturvai of high but grnduiitly 
ilucruauliiK wunr rate, thu uucund wtiu lui Inturvnl of ruliitlvutj’ 
conutant wunr rutu, mill thu Uilixl tviiu iin Inturvnl of griuluiilli’ 
Inuruautng wunr rutu, 

Tliuuu rcglrnuu liun bu more unull)* bucii In Toblo I, whuru 
rldur wunr rnto {wunr wlumu pur unit ultiling dlutiincu) lu 
given fur oncli ullillng Inturvnl uhOiI In tiiiu InvuHttgutlon, Thu 
first rldur woiir ruglmu (which might bu conuldurud ”ruu-ln'') 
WIIH mnrkuilly uffuctud by water vii)>or in thu air <ilmuu|ilioro 
for both Boltd liibrlciinto. Jtidur wunr ritiuu wuro from •! to 
1(1 tlmuB lilghor In molut ntr than in thu dry iitmouphuruu. Tlio 
rldur wunr rntu on tliu MoS.^ film in molut iilr wiib found to bu 
high III nil Uiroo ruglmuB) howuvor, nftor "run-in" thu rldur 
wunr raio on tho (CFjj)n film in moist ulr wna found to be 
ulmlliir lo Uu>, found lu thu dry ntmoBjihuruu. In dry ulr, 
ulmllnr rldur wunr rntua woru ubtidnud on both Mob’,, fllmu 
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mid (CF.()„ fllmuf howuvor In nn inuii ntmouphoru (iliy argon) 
lower rldur wunr riiluu (for n conultlurnbly longer porloil of 
tlmu) wuro ublntnud on MoS^j films thim (OF,.),, ftlmB. 

MoSjj WIJIUCATION AND FAlJ,l)IU5 MFCllANISMS 

The muthOd ubuiI tu utinb’ lubrlcntiun mill fnlinru muchii- 
iiiumu In Uilu Btikb’ wns to stop thu IobIh lit pruuut Blidlng hi- 
torviilB, mill o.\iuuInu thu ulltling BurfiiuuB hy ijpUuiil mlui'us- 
uupy ut higli mniyilflcntloiiB. Thuu thu tuslB Wuro uluppud uml 
thu utii'fnuuB uxiimlnml nflur ultdlng durutluim uf 1, 8, IG, 80, 
IflU, 200, -100, you, mill IQOU IdluuyuluBi Or nt ftillliro (n f rlo- 
tion couffloluiit of 0,30), Thu ruBiiltu ubtninud wuru vury du- 
peiuicnt on tho ntmOHphoixs In which tim MoSo films wore Ovnl- 
iiatuil, thuH unch ntmouplicru will bu prusuntud Bepariilul^>, 

MolBt Air 

Thu first iilmoBjihuro to bu Utuuussud is mi ntmosplioru 
which might bu uonuldurud n typical cuiullllunt Hint lu, lui nt- 
niuBphuru uf SO purcunt rulntlvu liumidity nlr at 23*^ C (10 UDO 
ppiii lUO). Figure (I hIiuwb thu Hltdlng Burfacuu iiftur 1, 0, 
mill 10 kilouyotcB of Blliling. 

Aflur oiiLv 1 minutu of Blidlng (fig. o(n)), n liirgu buildup 
of MuS„ 1b buuii ill thu untriuico region uf tho uctir, Thu MoS., 
Ib iwwdory nt thu loiitling uilgo, but It bucomus hlg!il,v iiom- 
pruBuuil towards thu cuiitnct ruglon. in fnut, In thU oontnet ru- 
gluii, Uiu MoS^ pnrtlulus Uontuscu and it Is Imiiosslblo to dls- 
tliigntuh ImUviduid paiitclus. Thu cunluscud Mob^ film tunds 
lo plautlciillj' flow iict'UBB thu colitnut nruii mul thun break up 
Into fine tiowdury miiforlnl hi thu u.vlt. Guiduuuhig and plnutlu 
flow Boom to bo clmructurlBiluB timt good uoltd liibrlonnlB [xih- 
Sllnuy (12) hiis obuurvcd this with tut U|>tlcnl microsuopo 
by viewing i|)'numlcnl]y viirhius sullil lubriuiuil powders, iiu 
thuy puss llirough thu couluct iirun of n inutiil bull sliding cm a 
gliiBS disk, 

Thu wonr truck on tlio rubbod MoSjj films Is sliowii lu 



Q(tt) and 7(u) uftur 1 kllocyulo uf HlldtiiK, In U)o contur 
(it Uiu wuai‘ track inuai uf tlio uriKinal film Ima boun jibwod 
away imd what rcmulmid wnu cumpactud MoSjj In tlio Handed 
HUrutcliuHi Thu MutJ^ tondud tu flow from thu HcrntchuH In 
vury thin f[|.mu iicivbh Uiu flat inutalllu pintoanu butwuun thn 
ucndcliuB. 

Vlguru (3(b) uhuwH Ihu alldliitt aui-fucuu iillur S klluoycluH 
ut uUdh)|{> A daflidlo ulianKU un Uiu Hlldlntf Hurfnuuu Imn taken 
lilacut muHt uf thu mnuoUi, conluHcud innturhil tu ttunu and 
wlrnt rciniihm is blade ixiwdury dubrlH. Tliu hiKh miiKnlflcu- 
tiun pliotoaUcroKcapliB uf FIk, 7(b) ahuw arunH wlUdn thu cu- 
nIuHcod M.oS^ filma which are tranuturmlnit to a black, jiow- 
dory malcrld, 

After ;io kllucyuluH of Hlldtnt;, falluru occurred (a friction 
cuufflulont of U.lh)). l'l|;uru i)(o) ahowa thu aUdlnit mirfacua 
aftur fatUit-o. No umooUi, cuidoHCud MuS^ filmu wuru found 
on olthur tho rider or (ho wunr track. liiHtuad, a honey. rip~ 
|ilud ixjwdor)' film waa fuiiiul on boUi rldur ami diak alldinif 
surfacua (fly;. 7(o]). It la Inluroating to notu Umt falhiru waa 
imuked by Uiu buildup uf a heavy trmiafur film un both aur- 
fncua ami that aO galling waa evident on clUiur mirfacu. 

Dry Air 

Thu diomlcal ducomiiOHllton uf MuS„ filma timlur alldlng 
eoiulltlonu haa boon Uio aiibjuct of auvural atiidloa (13-19). It 
ha a buun ahuwn that Uiu niuat predomlmuit ehumlcnl roactioii 
talcing place la tlio u.\ldatlun uf MoS„. It Ima atau buen pru- 
|iuaud tlml lljjO In Uie ntmaa|ihuru greatly ncculeriitua thu oxi- 
dation prucuaa (17), Tu dutorniinu tho otfoct of wator wiior 
on thu lubrieutlun and failure mechanlama of Mo3„ filma, 
almllnr u.\purbnonta to tlioae In moiat air wuru rundnulud In 
dry air (<20 ppin lljjO). 

Figure 9 glvoB photomlorogrnpha of tho alkUng aurfacoa 
in dry air after 1 kllucyelo of alldlng. Trnimfo.* to the rider 
at thla iHilnt (fig. B(n)) In auen to be alnillnr tu (hut found in 
moiat air (fig. (!(a)}) that la the trimafur waa fairly henvy, On 
cuntlnuud aiidhig, howes'ur, thu triuiufor film beeaine e-Oiy 
thin. Tlila typo uf tranafur waa not ubaure'ud In moiat nlr, but 
it did ouciir in dry arguiit Uiiia dUcnaalon of Uiia ,ype of trnna- 
fer will bo defurrud until thu Dry Argun auctk n, At failure, 
tnuiafur looked very abuilar tu Unit found bi m 'll at air (fig, 
0(e)), Hint la a heavy, rip)ilud, eoaraer tytie of tranafur film 
Qcciirtvd, 

Tliu IduU,, film on thu wunr track niter 1 kilo eye) n of alld- 
ing (fig, 0(b)) moru cuiiUiuioualy cuvorud tliu anrface luul bad 
inuru uf a mulalllo bmter Uiim did the wear track filma formed 
in moiat nlr (fig. 0(n)). After B Idlueyeloa of alldlng, trana- 
furmntlen uf thu mctalllo colored MoS., fUina tu bbeklah 
colored arena wna found to uecnr (fig. 9(n)), and aa alldlng 
conllmiud Uiu number luid t.Uu uf thuau arena bicruBaud (tig. 
0(b)), In nruna where Uie fbm waa Uiickur, Uiu blaok aruua 
took Uiu form of bubblua (fig. 9(a) luul (b)). At falUiro (lOU ko 
uf alldlng), a jiowduiy biiildiip of mutorial like Umt found in 
moiat air waa found un tho wear track (fig, 7(e)), Tima it waa 


obBurvod that thu tranafonnatlun of MoS^ ucetirred hi dry nlr 
ua wuU an inotat air, howo^•er the rato wua inlieh alower In dry 
nlr. 

D(V Argun 

Thu hubblua ubaurvod on tliu film wear track In dry ulr 
wuru vuty almllur to what Salomon, Deaee, mnl Znnt have 
found in prevluua atudtua (10,10), tuid to wldeti they have al- 
trlbnliid to UNldutlon of MuS.,. To dulcrmlnu the effect of oxl- 
dntlun (lit tho hibrlcutton luid fiUtUru meehiinlama of nibbod 
MoS^ filma, almllur UKperlmunla tu Uiuae conduetud In dry 
luui moiat ulr wuru conihietud In dry’ argon (<30 ppm II..O) at 
28 “ G. 

l^lgitru II) givoa high mngnlfloutlon photomlciMgrnpha uf 
bituruatlng fuaturua fuuml un tho film Wunr track after vurluna 
alldlng Inturvala In dry nrgon. Aftur I klloeyelea of alldlng 
(fig. 11(11)), thu film on Uiu wear track wna amuuth and euntbm 
nuiiH mul tho metiilllo anbatrnto could not be aeon. A few 
biibblu-ltku prutrtiuluna could bo aeon aftci 1 kllucyolo of alld- 
tng at thu ontur oilgoa of Uiu wear trade (fig, 10(n)), imd aftur 
lunger durntlunn uf albllng Uiuau bubblua could bo found niao In 
the conlur of the wear Irauk. Figure 10(b) almwa oilo of theau 
bubble nruna In which thu bnhbloa Imvo crnckod imd apnlled 
from tho mirfaeo. Theau urciia of bubbling, crnuklng, ami 
a|inlltng w’uru luenUaiud and moat of thu trnuU remained amuuUi 
mid cniitlmtuna. Slneu no ctnmgo occurred in euior (l,u,, tliey 
remnlnud metallic colored and did not turn black). It la aur- 
lutaed that no Irtuiaformatlun of MoS., wiia ueenrring. 

On uoiithmod alldlng, tin: apnlled nruna tended to bo aelf- 
hunUng; nu\‘uiilioluaa, after lung uUdlng dnrntluim (700 ku) thu 
fllnia Hlnrtud to thin In Uiu centur (fig. 19(c)). At fuiluru 
(ISBO ku of alldlng), tho wear track aurfueu waa covered with 
a eoaruu, powdery typo of matorlul, Tima, aa found in moiat 
nlr mul dry’ nlr, fnllnro wna ulnmuitorlKud by Uie bulldnii of a 
ooarilu, jHiwduiy film, la contniat to thu air voaulta though, 
llda jwwdory debris w’ua believed to voault fi'om Ihu depletion 
uf MoS,j by tliu riuliid flow from thu uonlact ntua rnlhur thiui by 
duplotiun uf MoSjj by ehumImU Iranafornintlun, 

Trimafor filma to the rldur aru aliown aftur 1 and ‘100 kllo- 
cyoloH of alldlng in Fig. 11. Aftur I klUicyulo of alidlng, 
trimafor ivna not markodly dlffurent than that found fur teats in 
moiat mill dry uir, u.seept that thu tranafur tumted to flow mo to 
through Uiu contrul jiotilon of thu acur mul IhOru Waa luaa 
butUhip at Uic odgea of the rldur acar. Aa sliding conllmiod 
thu trimafur on thu rldur aear buutunu llilnnur luid Uitnnor, 
Flgiiru 12(b) allows tho triuiafer nflur <109 lUlooyelua uf aUdlng, 
Thu MoS., tondud tu buildup In thu rldor untrancu mid tliun was 
ahonrod u.\tromuly Uiln as It pnased tlirongh tho contact area, 
Tranafor filma similar to thla wuru fonnil In diy air; but nut 
In moiat nlr, bucunau of Uiu riipid dcgrmiutlon uf Uiu MoS^. 
Similarly’ to dry amt moiat air, at fnUnrd heavy, coavsu tnuis- 
for waa foimd. 

Griiiihlto Fliiorldu Uibriontion mul FalUiro MochaiilamB 

F-xiiorhuontB Iduntlcal to Uiubo eoinluctud on MoSj. films 
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wcro alHO iMirfornuid on Kraphlto fluorido fltmn. 

Binco (Gl\)|, WDu tninH|»irunt to UKht and double roiractlng, 
tho prlnotploa ol light Intortoronao and blrotrlnguncy worn 
uaud to analyze tho llbus and dotormbio U (CX-'^)„ wna proaont, 

MolBt Air 

Pbotoinlurographa o{ u rider wear scar and a wear track 
bn a (Crjj),j Him are shown In Fig. 12 otter 1 kilocycle of 
sliding In a moist air otinesphore. In contrast to tlio M 0 S 2 
results, no heavy tranefor film was found on tho rldor wear 
sear. The tendud to build up in the Inlet region and 

then till)) us It approached tl)u contact region. Figure 12(a) 
shows intorferunco fringes which gradually disapiwar into n 
milky colored region on the rldor scar. This Indicated tho 
film was sheared too thbt for interference fringos to 
occur, in u few Instances, thicker sheared purilelus of 
(CF^)ij pass through the contnet region (as aeon in fig. l"(u)), 
but for tho most part tlio thickness of tlio troiisfer was less 
than the wavelength of light (nbc >t 4x10 ' m). 

Thu wour truck on the disli was cliuraeturized by highly 
colored hiturferenco bonds (fig. 12(b)). The (CF^)|, rondily 
flowed over both surfaces and produced ftbns on tho wear 
truck which were hi tho order of 4x10"^ to 8x10"''^ meters 
thick (the wavelength of light). Tho good flow properties wero 
detrliiientnl bi one aspect, however, and that was (CFj^)|, also 
tended to flow out of the contact urea. Figure 12(b) shews the 
flow ns a buildup at tho sldos of the wear track and us blro- 
frbigcnt debris fuither from the truck. This along wiUi the 
fact that tho (GFjj)j, tended to pop out or spall from some of 
the acrutches (fig, 12(b)) was deemed the major cause of fail- 
ure in those experbuents. 

As a genurul rule, failure of the (OF„)„ flbns was not 
abrupt, but a gradual process, AHur run-in, a period of 
rolutlvely constojit friction occurred which was followed by a 
period of gradually bicreusbig ft.'ietlun. Durbig tho constant 
friction phuro, tho film was gradually being depleted. Fig- 
aro m shows the depletion of the fibn iiftor 100 kilocycles of 
sliding. A considerable amount of (GFj^)|| was still prosunt on 
the wour truck, but tho film on the nonsoraiched arena was 
not nearly as prevalent. 

Even though the film on tho wour traok was being doplotod, 
the rider wear sour aftur 100 kiluoyclos did not look much dif- 
ferent than It did lifter 1 kllecyele of sliding, The major dif- 
ference is that tho scar was larger and tliat there was less 
(CFjj)j, bi tho Inlet area, Tho transfer film on the rldor 
looked about the some, with the exception that some blrefrtii- 
|ont (GFj^)„ transfer was present. 

What happened to the surfaces when friction Was gradually 
increasing was quite Interesting, Figure 14 shows the sur- 
faces ut tlie tbno tho friction coofflolont reached n value of 
0.20 (008 ko of slldbig). Dark himds of heavy transfer were 
seen on both tho rider wear scar and the film wear truck, 
Those bands wore found to bo a mixture of (CFjj)|j and fine 
metallic wear partioles. The formation of these bonds was 


believed to result fixim tho depletion of (CFjj),j from localized 
regions In tho film wear track, These regions genernto ux- 
coBslvo metallic wour paiilclos which mix with (CFjj)„ proaont 
bi other regluiis to pitiduco cireumferentlal bunds on Uie truck. 

High magntflcutloii ubsorvatlun of those bands tmlluutod 
1 hot evon though they contained film metallic debris, flow still 
•iucurred (fig. 14). After 880 kilocycles of sliding, liowever, 
the flow prapertlos of tho film (both on the rider and the disk 
wear truck) were not nearly is geed, Transfer become darker 
and moi*e pOwdei'y, Fxam.' ^'llon of the wear arcus under 
crossed |x>larizlng fUtors, Limwcd very few blrcfrlngent pur- 
tiides. 

Div Air 

(Cl''jj)i, films wero also ovoluuted In a dry air litmospliere. 
In dry air the same Dirce regimes of frletlun occurred, A 
run-in phase (p O.lii), u low friction plmsO (p •^0,02), iitul a 
pliuso Of gradually Increasing friction, Tho tosls were stopped 
and tho surfucos were observed bi each of the three regimes. 
Figure IQ gives ]ihatumict'ogrnphs of tho siuuu urea on tho 
(CFj^)ij fibn wear traek taken during the (a) "rim-lii" pltuso 
(1/4 ko of slldbig), (b) during the low friction pimsu (Q lie of 
sliding), and (c) durbig tho higli friction phase (24 ke of 
sliding). 

In general, there was not a great deal of differcnuo In np- 
pouruncu belweeii tlie surfaces oviiluiitcd In dry iilr luid In 
moist air. "Ibin-bi” eonslstod of plastlixilly deforming the 
(CF^)jj purtiolos into u smeulh, coiilosced, thbi film and the 
weiirbig off of any mctalllo usperities that pralrudud through 
the film. The low or constant friction phase consisted of 
sliding on these coidesced films, and the higher friction phase 
consisted of the gradual depletion of (CFjj)jj. 

One obvious dlfforenco In surface chnructerisltcs between 
moist air and dry air was that in dry air the (CP^)|j disengaged 
from the sorutcheB mueli mure readily than 11 did in moist sir. 
Tills disengagement eon be seen In Fig. 15(b) and (c), where 
empty scratches con he seen, Anullior dlffereiice Is limt dur- 
ing tho low friction plmso, the (CFjj)j^ In dry air tended to 
clump togethur more tlimi It did during the moist nlr tests 
(fig, 15(b)), It Is possible that disengagement from the 
soratches was in seine way rointed to the lowor friction ob- 
tidned, but It was also detrimeiitiil to wour llfo due to the fact 
that It led to a more rapid depletion of {CFj^)jj from tho wear 
track. 

Figure 10 shews photomiciogrnphs of tho rldor trimsfor 
films which cerres]>ond tu tlie intervals of Fig, 15. Compared 
to tho moist air tests, the rider run in dry air hnd a ilileker 
transfer film on It. Also thoro was more transferred (CFjj)|j 
mutorlnl nt the aides of the wear scar than found for moist air 
tests. The difference in transfer may have been u contributing 
factor to tho lower friction attained In dry air. 

In Fig, 10(e) very fine metal (lartiolea can be seen In the 
ontrimce region of tlio rider. The rider transfer film bi the 
contnet region of tlie same photograph appears tu be "heavier” 
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and not'as smooth as tn thu provlous two plioUigrapIts. Most 
llkoly this tt’Biisfor Is also a combination of and motol- 

llo pailloloB. 

Dry Amon 

Tho results from tests which wore conducted In a dry 
argon atmosphere wore vary similar to those obtabied bt dry 
ulr. lUdor wear soars, transfer films, and tho (Cl*yj^ film 
near tracks did not look much dllforont. Figure 17 gives 
photomlurograplis of the film wear track ofter (a) 1, (b) 10, 

(c) 00, Oiid (d) 180 klloeyclee of sliding, Tho same general 
flbii wear proeoss (as was found In moist air or in dry air) 
was found to also ocour in dry argon, and that was u gradual 
depletion of tho from tho contoct region. 

One dllforunco between the dry air and dry argon tests 
was that tlio did not as readily disengage from tho 
soratches, and this most likely was the reoson for the longer 
life b) dry argon, Another difference was that heavy bonds of 
transfer did not form on tho surfaco of tho rldor or the disk 
woar track when high friction occurred us It did bi moist olr 
and bi dry air, 8ome dlsongogumont from tho suratchus did 
occur In tho form of small bubbles as con bo seen In Fig. 

17(b). 

Comparison of MoSg and CFjj 

Both MoS^ and wore found to form transfer flbns 

and to flow plustleully in the contact region. Trttiisfor film 
formation was found to bo of a dynumlo nature. Solid lubri- 
cant built up bi tho rider sour ontranco region and was gradu.. 
ally fed into tho contact region, where it sheared otid gradually 
flowed to tlio exit, 

On botli MoSj, and (CFjj)^ rubbed films, a very thin, 
smooth, couIoBced flbn of each solid lubricant was produced 
by the rldor during thu Initial stages of sliding. T.40 thickness 
of tho film produced was found to be greater for MoS^ than for 
(CF^)n. Tim thloknoss of tlio (CFjj)jj film produced was in tho 
order of tho wavoluiigth of light (0 .4 to 0 .8 pm) wlilto tho tlilck- 
noas of tho MoSjj film produced was in tho order of 1 pin. As 
sliding contbiiiod, tho films tended to got tlilnner duo to rudlnl 
flow (or transverse flow) from tho contaet. Thus tho soratclios 
on tho surfuoo suiwed two purposes and that was they tended to 
restrict the radial flow of tho lubricant and they surved as a 
reservoir. 

Tiio mechanical stresses of sliding, also todueod bubbles 
and bulges to occur In localized areas of the fUm wear track, 
which caused cracking and spallbig to occur. As long as 
plentiful supply of lubricant was avullablo on tho film wear 
track, tho films relionlud. However, during this process a 
certain amount of lubricant found its way out of thu contact re- 
gion which also resulted bi thinning of tho films, 

Tho major differoncu between tho lubricating mechanisms 
of tho t-wo solid lubrloants, was that failure of M 0 S 2 films was 
much more dopondont upon utmosphcrlc conditions than wore 
(CF.j)j, films. Hi ulr (and ospcclully moist air), tho meohonl- 


oal strossuB of slldbig Imiucod the traiisfurmotlen of bright, 
metallic colored films of to black, powdery looking 
MoS^ films, with Ihu rosult tlmt thu wear lives wore shortened 
constdorttbly, Tho wear lives of (CFjj)„ wore also nffocled by 
tttmospboro, but to a lessor extent than MuS^ films. 

Optical observation Of tho flbns at high magnifica- 
tions did not bidloatu that truneformotlon of was tokbig 

place, Ilowovor, Atkbison and Wughorno (20) have studied 
failed surfaces of graphlto fluoride flbns by X-ray phutootoo- 
troii spuctrosoopy and duduecd that failure was dtlu to tho 
ohoinloal docom|>osltion of tho graptiito fluorldo . They give 110 
details obout tho friction and wear tosts or the condition of tho 
surfaces, thus It Is hard to compuro thosu results to this 
study. If docomtiosltlon of (CFj^)|| occurred In this study, 
thuru was no optical ovldcnco that any decomposition product 
was harmful to thu lubrication process. 

SUMMAliy OP HESULTS 

Friction, wear, and optical microscopy studios of mulyb- 
donum disulfide (MoSg) and graplilto fluorldo ((CFj^)||) (rubbed 
flbns In moist olr (XO OP'J ppm IlgO), dry olr (<20 ppm IlgO), 
and dry argon (<20 ppm II^O) atmosphoros indicated that: 

1. Tho lubrlcatbig mechanisms of tho two solid lubricants 
WDi'o relatively sbiillar. Thu mcclmnlsrn consisted of thu for- 
mation of a thbi,. cooluBccd mild lubricant flbn on ouch sliding 
surfuoo durlntf tiio initial stages of slldbig, and then the con- 
tbiual plastic flow (shear) of tills flbn between tho slldbig sur- 
faces. Transfer film fonnntlon was found to be of a "dynamic" 
nature. The solid lubricant {xiwder built up bi tlio entrance 
region of tho rider scar, booume compacted, and eventually 
coalesced Into a vary thin flbn In tho contact region us It 
flowed towards the exit region. 

2, ihvo failure mechanisms were found to bo operating. 

The first, which was moro prevalent with MoS^ than with 
(CF^)ii was beliovcd to bo due to ehomicul decomposition. In 
ulr, bright, metallic colored, coalosced films of MoS^ were 
observed to transform to a blackish more powdery type of ma- 
terial, but In dry argon this did not occur, Tho second failure 
moehuiilsm was duo to the gradual depletion of thu flbns by 
radial flow (or transvorsu flow) or by orackbig and spalling of 
the fllmsi 

2. Graphite fluoride tended to flow fram the contact area 
more readily tlicn did M 0 S 2 ,' thus thu scratclics on tlio surfuco 
(to which tho solid lubricant was applied) sorvcci two purposes 
with (CFjj)„ (also to u lessor extent with MoSg) and that was 
they tended to restrict tho outward flow of llio and they 

served us u reservoir for tho solid lubricant, 
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TABLE I. - Effect of atmospheiie on the iudeii weab 

BATE FOn IUDEBS WHICH SLUJ ON RUBBED FILMS OF 


OltAPHlTE FLUORIDE OR MOLYBDENUM DISULFIDE 


Sliding Intoi-val, 
kc 


Rider wear rale (ra^/m>d.0“^*’) 


Moist air 

Dry nir 

Dry argon 


(10 000 ppm HgO) 

(<20 ppm H 2 O) 

(<20 ppm H 2 O) 


MuSg 

(C^x)n 

M 0 S 2 

(C^'xJn 

MoSg 

<‘=^x)n 

0-1 

2,0 

1.60 

0.19 

0.44 

0.17 

0.46 

1-6 

.bS 

.43 

.045 

,088 

.041 

.058 

5-16 

— 

.030 

.060 

.068 


.029 

6-10 

2,4 






16 - 00 


,040 

.077 

.17 

.012 

• 025 

00 - 100 


.11 

.10 

^28 

.012 

.025 

100 - 200 


.12 




^62 

200 - 1600 



°.46 



.012 


1600 - 1800 


— 

... 


.018 



*00 - 90 kc. 
^100 - 180 ko. 
°200 - 308 kc, 
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(3) GRAPHITE FLUORIDE RUBBED FILM. 

Figure 1. - Photomicrographs and surface profiles 
before friction and wear test were performed. 
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(b) MOLYBDENUM DISULFIDE RUBBED FILM 
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Figure 2. - Schematic diagram of friction apparatus. 
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Figure X - Apparatus used for applying MoSoandlCF,! . 
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la) GRAPHITE FLUORIDE. 



DRY AIR K20ppm H^OI 
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«20 ppm H 2 OI 
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Figure 4. - Friction coefficient as a function of siiding duration 
for tal Graphite fluoride films and b) Molytxlenum disulfide 
films evaluated In three different atmospheres. 
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Figure 5. - Effect of atmosphere on rider as a June 

tion of sliding duration for riders which siid on graphite 
fluoride or moiybdenum disuifide films rubbed onto sanded 
440CHT steel disks. 
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Figure 6. - Photomicrograph of rider wear 
scars and M 0 S 2 him wear tracks taken af- 
ter various sliding intervals in a moist air 
atmosphere I r-iJOG ppm H 2 O). 
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Figure 6. - Continued. 
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(C) 10 kc OF SLIDING. 


Figure 6. - Concluded. 
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Figure 7. • High magnification lihotomicrographs of interesting features 
within the M 0 S 2 film wear tracks of figure 6. 
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Ij) RIDER WEAR SCAR. 

Figure 8. - Photomicrographs after sliding for 1 kilocycle in a dry air 
atmosphere «'?0 ppm, H^Of at 25*C. 
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(b) MoS^FILM WEAR TRACK. 


Figures. - Concluded. 
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Figure S. - Photomicrographs of MoS^ film wear tracks taken in a dr>' 
air atmosphere «20 ppm H^O). 








(b)60kc OF SLIDING. 


Figure 9. - Concluded. 
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(a) 1 kc OF SLIDING. 



(b)60kc OF SLIDING. 

P'* ;re 10. • High magnification of Mo^ fiim wear tracks which were ob- 
tained in a dry argon atmosphere Krappm H^O) after various sliding 
intervais. 
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(d) 1860 kc OF SLIDING. 
Figure 10. • Concluded. 
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(a) 1 kc OF SLIDING. 

Figure 11. - Photomicrographs of M 0 S 2 rider transfer fiims in a dry 
argon atmosphere (<20 ppm HpO). 
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(b) 400 kc OF SLIDING. 
Figure 11. - Concludeo. 
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Figure I?. * Photomicrographs taken after 1 kiiocycle of sliding in a 
moist eir atmosphere (10 000 ppm H 2 O). 















(a) RIDER WEAR SCAR. 


Figure 13. - Photomicrographs taken after 100 kilocycles 
of sliding in a moist air atmosphere 110 000 ppm II^O). 







(b) (CF^Ip FILM WEAR TRACK. 
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Figure 13. - Concluded. 
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(a) RIDER WEAR SCAR. 

Figure 14, - Photomicrographs taken after 308 kilocycles 
of sliding in a moist air atmosphere (10 000 ppm H 2 O). 
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Figure 14. - Concluded. 
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Figure 15. - Photomicrographs of the same area on a 
graphite fluoride fiim wear track after various siiding 
intervais in a dry air atmosphere «20 ppm H^O). 







Figure 15. - Continued. 
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Figure 15. Concluded. 
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(a) kUN-IN PHASE, m- 0.10 (1/4 kc OF SLIDING). 

Figure 16. - Photomicrographs of rider wear scars which 
slid on the graphite fluoride films shown in figure 13. 
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Figure 16. • Concluded, 
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(a) Ike OF SLIDING. 

Figure 17. ** Photomicrographs of a graphite fluoride film 
wear track after various sliding intervals in a dry argon 
atmosphere! <30 ppm HpOi. 








(d) 180 kc OF SLIDING. 
Figure 17. • Concluded. 



